will be completed by the turn of the century, many of However, the sophistication of these virulence factors these and other techniques are being exploited to further and their regulation was unanticipated. Secreted toxins our knowledge about virulence factors. were some of the first virulence factors identified beHost Resistance to Disease cause they were easily purified from bacterial supernaDespite our rapidly increasing understanding of virutants. By manipulating growth conditions to better lence factors, much less is known about how hosts resist mimic conditions found inside a host, expression of predisease and the molecules they use to counter these viously unidentified virulence factors was achieved, virulence factors. In vertebrates, host resistance is comalong with the realization that most virulence factors plex and multifactorial (reviewed by Malo and Skamene, are tightly regulated for production under conditions 1994). Mapping and manipulating host resistance genes representative of those found within a host. These conis difficult and requires significant effort. Much of what ditions include temperature, various ion concentrations, we know comes from genetic susceptibility mapping, and even the presence of host molecules from serum and in animals, inbreeding for susceptibility and resisor cultured cells.
(reviewed by Skamene et al., 1998) . However, its mechais needed to form disulfide bonds in the bacterial periplasm. In addition to gacA, one of the other transposon nism of action remains undetermined.
Our knowledge about plant disease resistance promutants was inserted in a region immediately downstream of the pyocyanin biosynthetic operon and afteins (R factors) and their interactions with specific virulence factors is much more sophisticated than in mamfected pyocyanin production. This indicated that the Arabidopsis plant model could be used to identify other malian models (reviewed by Baker et al., 1997 
A Pathogen that Infects Both Plants and Animals
three mutants that had normal pigment production, the insertions were in the following: (a) hrpM, a locus that In 1995, Rahme et al. published a provocative paper demonstrating that there are indeed common virulence controls pathogenicity in P. syringae; (b) mexA, which encodes part of a broad substrate efflux pump; and (c) factors needed to cause disease in plants and animals. Pseudomonas aeruginosa is an opportunistic human orp, an osmoregulator of phospholipase C. One of the nonpigmented mutants contained an insertion in a novel pathogen, causing disease in cystic fibrosis patients, burn victims, and cancer patients. They tested 75 P.
predicted two-component regulator, while two others were in the same gene, phzB, whose product regulates aeruginosa isolates (30 of which were human isolates) in an Arabidopsis thaliana leaf infiltrate model and found synthesis of phenazine-1-carboxylate needed in pyocyanin production. They further tested the role of phentwo strains that caused severe plant disease in several Arabidopsis ecotypes, one of which was a human isolate azines by specifically deleting genes (phnA and phnB) necessary for pyocyanin production and showed that (PA-14). This strain was also fully virulent in a mouse skin burn model. They created mutations in two known these loci are needed for fast killing of worms, in addition to being less virulent in plants and animals (see above). animal virulence genes, toxA (which encodes exotoxin A) and plcS (phospholipase), and one plant virulence This group has also recently examined the process of slow killing in worms (Tan et al., 1999). They found gene, gacA, which encodes a transcriptional regulator in Pseudomonas syringae (a plant pathogen) that controls that slow killing (worm death after several days) involves an infection-like process and correlates with viable bacsecretion of pyocyanin, a phenazine compound which is toxic to cells. They found that mutations in all three terial growth in the worm intestines. Different virulence factors are involved in the two killing mechanisms, indivirulence factors resulted in a significant reduction in pathogenicity in both hosts, indicating that these three cating that the two are mechanistically different. They found that several of the genes involved in pathogenesis loci encode common virulence factors needed for disease in these diverse hosts.
in animals and plants are also needed for slow killing in nematodes, and they used this system to identify new Rahme et al. (1995) hypothesized that with this plant infection model they should be able to identify additional virulence factors that participate in this infectious-like process. overlapping virulence factors. They mutagenized PA14 and screened these mutants in the plant leaf model Host Alteration to Determine Mechanism of Virulence and found nine mutants that had significantly reduced virulence (Rahme et al., 1997) . Remarkably, all nine of Although many host models have been used to identify and characterize bacterial virulence factors, it is usually these mutants were also attenuated in the mouse burn model. Of these nine, only two were in previously dequite difficult, if not impossible, to genetically manipulate the host to test various hypotheses about virulence scribed loci: gacA (see above) and dsbA, a locus that Figure 1) . Pyocyanin is toxic to cells because it is able to generate frame in a pathogen once its genome is sequenced, there is much interest in screening these mutants in a toxic reactive oxygen species, including superoxide and hydrogen peroxide. This group tested C. elegans muconvenient and economical disease model. There are ever increasing numbers of nematode mutants being tants that were either more resistant (age-1(hx546)) or more sensitive (mev-1(kn1) and rad-8(mn163)) to oxidamade, and these mutants could also be screened for disease following infection. Such screens could be usetive stress. As expected, they found that resistance or susceptibility to oxidative stress correlated with resisful in identifying host resistance and susceptibility genes, potentially identifying mammalian homologs and tance or susceptibility to fast killing, indicating that pyocyanin probably mediates its toxic effects through genunraveling the complexity of host resistance. Finally, potential therapeutics could be developed and tested eration of reactive oxygen species.
A potential host resistance strategy would be to pump in such a disease model, providing they were verified in a more relevant infection model. diffusible toxins out of cells. By testing C. elegans mutants lacking P-glycoproteins (ATP-binding transportDespite the appeal of the nematode model, it is important to consider that there are several significant limitaers), they found that these mutants were much more sensitive to fast killing. In addition, they observed that tions. Perhaps the most obvious is that C. elegans is not known to be infected naturally by bacterial pathogens. if PA-14 pyocyanin mutants were used to infect the defective nematode, these worms were no longer sensitive Most mammalian pathogens tightly regulate their virulence factors, being induced only in response to specific to fast killing. They were still susceptible to PA-14 strains that produced normal levels of pigmentation but were host environments or molecules. Temperature (usually 37ЊC) is a key signal, and one would assume that many defective in other virulence factors. Collectively, these results demonstrate that P-glycoproteins play a critical mammalian virulence factors would not be expressed inside the worm (which is grown at room temperature). role in host defense against the virulence factor pyocyanin.
Another major difficulty is the lack of a developed immune system in the nematode, since the role of many Worms and the Future of Infectious Disease The significance of the results of Mahajan-Miklos et al.
virulence factors is to subvert or neutralize the host immune response. Thus, although offering an intriguing (1999) lies in the ability to genetically alter both the host and pathogen and test disease outcome. P. aeruginosa possibility, the universality of this model will need to be tested. is a relatively easy organism to genetically manipulate. Its genome is nearly finished, greatly facilitating the idenFurthermore, it appears that PA-14 is different than most clinical isolates, and the ability to have such a tification and generation of mutants unable to cause disease in model systems. In addition, C. elegans is also broad host range is an exception, since only a fraction of P. aeruginosa isolates were found that were highly a good model organism, with much known about its biology and genome. 
